may act in synergy with proteases. Our understanding of the underlying mechanisms of muscle degradation should be improved for an accurate evaluation of the postmortem muscle changes and consequently of the fish quality.
INTRODUCTION
Quality attributes of fish flesh, including food safety, organoleptic features, nutritional quality, and aptitude to industrial transformation, influence consumption, and acceptability of fish as food. Fish sensorial changes and texture properties are closely linked to freshness. Along with ante mortem muscle biochemistry, postmortem biochemical processes are directly linked to final quality attributes. The understanding of postmortem mechanisms is a prerequisite for an accurate control of the quality of commercialized fish by the identification of objective markers or indicators.
Postmortem tenderization is one of the most important quality attributes of fish muscle. Loss of freshness is due to a complex combination of biochemical, chemical, and physical processes, and is followed by muscle spoilage due to microbiological contamination. Autolytic modifications include protease action on proteins and connective tissue, and also fat hydrolysis. Tenderization is enzymatic in nature; physio-chemical conditions (pH, osmotic pressure) may modulate the proteolytic action of endogenous enzymes.
Our studies have given additional information regarding the proteolytic mechanisms involved in postmortem disorganization of fish muscle by characterizing the myofibrillar components undergoing proteolysis 1−3 as well as by studying the involved proteases, especially calpains 4, 5 and their effects in vitro on myofibrillar proteins. 6 The knowledge of the relationship between this disorganization, loss of freshness, and textural degradation should be improved in order to identify potential freshness 410 C. DELBARRE-LADRAT ET AL.
indicators, and develop methods to improve quality. The purpose of this paper is to give a broad overview of quality changes in fish and the possible mechanisms responsible.
EFFECT OF COLD STORAGE ON FISH MUSCLE

Muscle Metabolism Postmortem
Immediately after the cessation of the circulation of blood and, consequently, of oxygen supply, the stored carbohydrate glycogen is anaerobically degraded and lactic acid accumulates in muscle 7−9 resulting in a pH drop from a value close to 7.4 to 6 in fish, sometimes below. 10 Muscle osmotic pressure increases within hours postmortem, 11 ATP (adenosine triphosphate) decreases 7−9 and lipids are oxidized. TMAO (trimethylamine oxide) is changed to TMA (trimethylamine) by endogenous enzymes and later by bacteria when microbial activity begins, 10 and nitric oxide and reactive species of oxygen also increase. 12 Mitochondria and sarcoplasmic reticulum deterioration due to pH fall and osmotic pressure changes results in the release of calcium ions in the cytosol where concentrations can reach 0.2 mM free calcium. 11 The onset and extent of rigor mortis are biochemically characterized by a total exhaustion of energy-rich compounds. ATP depletion initiates the rigor mortis process, 13, 14 and at less than 2 µM ATP, 15 actin, and myosin form inextensible actomyosin, which causes stiffness of the whole body in rigor mortis. The rigor generally begins one to six hours after death in fish 16 ; in particular, it is maximal one day and a half after death for sea bass muscle stored at O
• C. This condition usually lasts for a day and then the resolution of rigor mortis makes the muscle less rigid and no longer elastic. Rigor is very dependent on stress before slaughter: control salmon shows mean maximum rigor at about 8 hours postmortem, whereas highly stressed fish can enter rigor as soon as 30 minutes postmortem. 17−19 Some time after death, an opposing process called tenderization begins within hours of postmortem and continues during postmortem storage. Several studies showed that tenderization begins in the early stage of postmortem storage of fish 20 and mammals. 21 The key structures which are degraded are the cytoskeletal links to sarcomeres and to the plasma membrane. 22−24 Several studies suggest that the gradual disintegration of the extracellular matrix structure is also responsible for tenderization of fish. 25 Tenderization rate and extent vary depending on species and other factors. In particular, pelagic fish muscles are more quickly degraded than fish from the deep ocean.
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MUSCLE STRUCTURE IS MODIFIED AFTER THE DEATH Protein Composition in Muscle
Muscle is composed mainly of myofibrillar proteins. The myofibrillar content is higher in fish (60-80% of the total protein content) than mammals (40%). The myofibrillar fraction, or structural proteins, accounted for 64% of the total protein in rainbow trout white muscle, whereas the soluble sarcoplasmic protein comprised 30% of total protein. 26 Fish sarcoplasmic proteins account for 20-50% of the total muscle proteins and are composed mainly of glycolytic enzymes and other enzymes participating in the cell metabolism. 27, 28 Connective tissue proteins (collagen) constitute 3-10% of the proteins in fish muscle.
Lacking the tendinous system connecting muscle bundles to the skeleton as in mammals, fish muscle cells run parallel and are connected to sheaths of connective tissue (myocommata), which are anchored to the skeleton and the skin. 29 Mammalian and fish skeletal muscles are characterized by the precise organization of the contractile proteins into striated myofibrils resulting from repeating units arranged in series, the sarcomeres ( Figure 1 ). Desmin intermediate filaments occupy a strategic position linking individual myofibrils laterally at their Z disks and interconnecting sarcomeres to the sarcolemma membrane (the cytoskeleton is reviewed by Greaser 30 and Small et al. 31 ) An intermediate filament lattice envelops and links all sarcomeres to the membrane cytoskeleton (costamere), mitochondria, nuclei and sarcoplasmic reticulum. Desmin intermediate filaments are essential to maintain the tensile strength and structural integrity of muscle fibers. Dystrophin is a key component of the costameres, the vinculin-rich sub-sarcolemmal transverse cytoskeleton. It is a 400 kDa protein which is bound by its C-terminal to transmembrane proteins and by its N-terminal to F actin filaments. α-actinin is known to be a key component of the vertebrate muscle Z-disk which connects neighboring sarcomeres and possesses a structure strong enough to transmit the tension developed by the interaction of thin and thick filaments of individual sarcomeres. Direct implication of α-actinin in the organization and stability of Z-disks in skeletal muscle myofibrils has been well documented. 32, 33 Myosin is an asymmetric, hexameric protein of about 500 kDa containing several structural and functional domains. It is assembled into thick filaments, the functional form of myosin in muscle. Polymerized into thin filaments, actin is the second most abundant protein in muscle. The interaction between thin actin filaments and thick myosin filaments generates the force for muscle contraction. Titin (or connectin), the third most abundant protein in the myofibrils, is the largest protein yet discovered (approximately 3000 kDa). It serves at least two functions in striated muscle cells by providing a template for thick myosin filaments and as an elastic connecting element between thick filaments and the sarcomeric Z-lines, 34, 35 binding to α-actinin in the Z line. 36, 37 Nebulin, another significant component of skeletal muscle myofibril, is a quite large (approximately 800 kDa) protein which constitutes inextensible filaments in conjunction with the thin actin filaments. The muscle proteins tropomyosin and troponin are closely involved in the regulation of muscle contraction. Tropomyosin, which is a part of the thin filaments, is a dimeric protein; the distribution of its isoforms in fish muscle has been extensively studied by Heeley et al. 38 Troponin consists of three components, each of which performs specific functions. Troponin C binds Ca 2+ , troponin I inhibits the ATPase activity of actomyosin, and troponin T provides for the binding of troponin to tropomyosin.
In skeletal muscle, the extracellular matrix or connective tissue is structurally and functionally complex. 39, 40 Collagen is the main constituent of this matrix which is responsible for the integrity of myocommata and the mechanical properties of muscle. Connective tissue is composed of the epimysium which envelopes the muscle, the perimysium, surrounding the bundles of myofibers, and the endomysium which surrounds the individual muscle fibers. In teleost fish muscle, there are two main types of collagen, type I and V collagens, with different biochemical characteristics.
41,42
Observed Proteolysis in Muscle
Proteolysis of cytoskeletal components results in myofilament degradation. 43, 44 In fish, depending on species, this may include degradation of titin, 45 nebulin, 46 dystrophin, 47 α-actinin release, 48, 49 myosin proteolysis, and tropomyosin delocalization. 46 Desmin is degraded in turbot and sardine but not in sea bass 2 and in croaker. 43 Conversely, in postmortem bovine muscle, desmin is an excellent substrate for calpains and it is largely degraded at 4
• C during the aging process. 23, 50 The costameres which link sarcomeres to the sarcolemma are also degraded within 24 h postmortem. 22, 47 Most of the changes are common among different fish species but they may occur at different rates. 51 In particular, sea bass muscle changes include the detachment of sarcolemma, the degradation of titin and nebulin as well as the release and proteolysis of α-actinin from the Z line and the degradation of dystrophin. 46−48 We found that desmin remained unchanged after 4 days of cold storage in sea bass muscle, but was highly degraded in sardine. 2 A sarcoplasmic 16 kDa protein (identified as nucleoside diphosphate kinase) was also shown to undergo proteolysis upon storage. 3 Tropomyosin was released from the myofibrils; the content of extracted tropomyosin increased with time between 0 and 48 h in the presence of 5 mM EGTA. In extracts with 5 mM Ca 2+ , tropomyosin was observed in lower quantities after 48 h. 46 Connective tissue collagen is degraded in fish after death as shown by scanning electron microscopic analysis of muscle as a progressive breakdown of the collagen junctions between the myocommata and the muscle fibers during storage in ice. The structural change in collagen fibrillar network in fish correlates with the postmortem tenderization. 52 Collagen fibrils in the pericellular connective tissue are disorganized and degraded, and space between fibers increases. Bremner, 41 in a review on the role of collagen in fish flesh structure, indicated that this main extracellular matrix component is predominant in determining the textural attributes of the raw flesh. The decrease of type V collagen content has a correlation with the postmortem softening of fish meat during chilled storage. 53−55 Cleavage of intermolecular collagen cross-links seems to occur 412 C. DELBARRE-LADRAT ET AL. during storage of farmed Atlantic salmon on ice. 56 However, some authors reported that there are no significant differences in collagen solubility during storage of Atlantic salmon 57 and halibut. 58 Several studies have shown that collagen is soluble in fish muscle postmortem, and the solubility relates to texture, season, and water temperature. 57, 59, 60 
Postmortem Muscle Structural Changes
Fish muscle is organized as tissue blocks of myomeres attached to myocommata. This structure makes the flesh inherently soft, especially when cooking, because fish connective tissue is soluble at low cooking temperatures. However, there is very little structural change in fish myofibrils postmortem, and in fact they are much more stable than mammalian. Beef and sheep structural changes are well characterized 23, 61, 62 and show significant breaks in I bands and costameres after 7 days of storage. In marked contrast, fish I bands are almost never broken. 1, 22, 43, 44 As mentioned above the cytoskeletal proteins of fish and mammals are degraded within days postmortem, so it is surprising that fish myofibrils are structurally stable. A possible explanation is that these results are based on electron microscopy of carefully handled samples. In fact, when fish 63, 64 and mammalian 65, 23 myofibers are purified and the myofiber breaks quantified, both show extensive breaks postmortem. Therefore, mechanical disruption is needed to demonstrate the fragility of fish myofibers. The myofiber fragmentation index correlates with fish texture. Both fish 22, 47 and mammals 23, 62 show myofiber to connective tissue (endomysium) detachments within 24 h postmortem. Quantification of these breaks demonstrates that they are associated with fish fillet texture, and probably account for much of the early texture changes. 22 As mentioned above the costamere degradation and endomysium detachment is due to calpain activity against cytoskeletal proteins.
The connective tissue of mammals 62 and fish, 22 especially the endomysium, is very stable postmortem, but it is detached from the myofibers. Endomysium detachment is due to cytoskeletal breaks as mentioned above, but not to degradation of the connective tissue. The endomysium, at least in mammals, is also heat stable. Perimysium shows some weakening by scanning electron microscopy of muscle extracts 25 but it is rare to see extensive breaks. There are breaks within the myocommata after about 5 days of storage, breaks which are associated with gaping. 41 The myocommata is also mechanically weakened 66 during storage, and is very heat labile. 67 It is the fragility of the connective tissue which contributes to fillet gaping and long term storage texture changes.
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ROLE OF PROTEASES IN POSTMORTEM AUTOLYSIS OF FISH MUSCLE
Deterioration of fish flesh results from the complex combination of physical, chemical, biochemical, and microbial processes. However, the first changes occurring in postmortem fish muscle are due to endogenous enzymes promoting proteolysis of muscle proteins and connective tissue as well as fat hydrolysis. Indeed, the muscle is not significantly contaminated by bacteria at this stage.
Proteases in Fish Muscle
Different proteolytic systems exist within the muscular cell: a multicatalytic complex or proteasome, a lysosomal system including aspartic and cysteine acidic cathepsins, the cytosolic calcium dependent calpains, as well as cytoplasmic aminopeptidases, alkaline proteases, 68 and connective tissue hydrolytic enzymes such as elastase and collagenase. 69 The multicatalytic complex is involved in the degradation of hormones, antigens, transcription factors, and ubiquitinconjugated or oxydized proteins. 70 The 26S proteasome requires ATP for activity and hydrolyses ubiquitin-conjugated proteins. The 20S proteasome, which in fact is also a part of 26S proteasome, exists as a latent form possibly activated by different compounds. 71, 72 High temperature (60 • C) and SDS (sodium dodecyl sulfate) increase in vitro activity of proteasome from rabbit 73 and sheep, 74 and both are required for fish proteasome activity in vitro. 70, 75 Cathepsins are acid proteases usually located in organelles called lysosomes and thus are for the most part inactive in living tissue, but become released at sites of injury or upon freezing and thawing of postmortem muscle. Cathepsins can be distinguished by their active site (aspartic, cysteine, serine proteases) as well as by their substrate specificity and inhibitor sensitivity. Lysosomes are known to harbor at least 13 cathepsins. 76 Among them, cathepsins B, D, L, L-like have already been purified from fish. Cathepsins B, D, L, and H are the major cathepsins within the fish muscle lysosomes. 77 We have tested cathepsins B, L, and L-like, H in sea bass white muscle using fluorescent synthetic substrates. A greater amount of cathepsin L, but a lower level of cathepsin B, have been detected compared to beef muscle. No cathepsin H was found. Cathepsin D has also been found in high quantity (unpublished results).
Calpains are cysteine proteases active at neutral pH and are dependent upon calcium (calpains have been recently reviewed by Goll). 78 Ubiquitous calpains include calpain I or micro(µ)-calpain which requires micromolar calcium concentration for full activity (10 to 50 µM) and calpain II or milli(m)-calpain requiring millimolar calcium concentrations (300 µM to 1 mM). 79 A form with intermediary calcium sensitivity co-existing with the two others has also been described in chicken muscle. 80 Calpain-like proteases have been described as atypic calpains (lacking domains involved in calcium activation) and others as tissue-specific such as skeletal muscle specific calpain p94. 81, 82 The discovery of n-calpains (for nano-calpain) in the stomach 79 and in the digestive tract 83 is recent. Braun et al. have proposed a classification of calpains based on their activity and regulation. 84 Calpains are heterodimers dissociating in the presence of calcium. The small subunit (30 kDa) is common to ubiquitous calpains and the large subunit (80 kDa) is specific to the calpain type and is responsible for catalytic activity. 85 Calpains, active at intracellular physiological pH, are highly regulated in vivo. The regulation of calpain activity is complex and not fully understood. The regulation system is based on calcium binding, subunit association, interaction with calpastatin (the endogenous inhibitor specific to calpains), and cellular membranes as well as limited autolysis in the presence of calcium allowing proteolytic activity, but increasing instability. 86 Calcium binding is due to EF Hand structural motifs in the calpain molecule resulting in a conformational switch allowing the alignment of the catalytic amino acid trio Cys, His, Asn. 87 Four properties of calpains are calcium dependent: binding to cellular components such as membranes, calpastatin binding, proteolytic activity and autolysis. 88 However, it is not clear whether autolysis is required and proceeds before substrate proteolysis. 89, 90 We characterized the sea bass white muscle neutral calciumdependent system in order to determine its features and regulation. Three different calpain-like activities have been detected in postmortem white muscle from sea bass: two similar to mcalpain and one to µ-calpain. They share many biochemical properties with those from terrestrial vertebrates but are differently expressed throughout the year. In particular, the µ-calpain isoform was only detected during the spawning period of sea bass. This could be related to the variation, from season to season, of the extent or the rate of muscle degradation. 4 Geesink et al. partially purified calpains from salmon and compared their activities to sheep and beef calpain. Salmon had about as much calpastatin as sheep but 100-fold lower postmortem calpain activity. 63 Matrix metalloproteases (MMP) represent a large family of structurally related endopeptidases responsible for connective tissue catabolism. MMPs are able to degrade different types of collagen and cytoskeletal proteins connecting the sarcolemma to the extracellular matrix. 91 They are zinc and calcium-dependent enzymes, classified into four subfamilies: collagenase, gelatinase, stromelysin, and membrane type MMP. Bracho and Haard have characterized some metalloprotease activities in rockfish, 92 Stocknes and Rustad in salmon 93 and Lodemel et al. in cod. 94 Saito et al. 95, 96 identified a MMP in rainbow trout fibroblasts and subsequently cloned it, expressed it, and characterized it.
Reports on other proteolytic activities such as serine proteases, neutral proteases or alkaline proteases from fish muscle are fragmented.
Factors Affecting Muscle Composition
White muscle from fish constitutes an important protein energetic reserve. Protein content and protease activities may therefore vary during the year due to environmental conditions and physiological factors. A substantial normal variation is observed upon seasonal changes in the proximal composition of fish muscle as well as in calpain forms present in sea bass muscle. 4 In particular, protein content is decreased during the spawning period and calpain activity level is increased. Protein mobilization has also been reported in response to factors such as stress and starvation 97 or spawning migration in salmon. 98, 99 Degradation occurs mainly on sarcoplasmic proteins but myofibrillar proteins are not totally spared. 100 Gomez-Guillen and Batista 101 have also shown that cathepsin D production is increased during spawning periods (April and October) in Sardina pilchardus muscle. This increase is more marked in females and in red muscles. Yamashita and Konagaya have shown extensive increases of cathepsin L activity in spawning salmon 102 which may be due to increases of phagocytic cells during spawning. 103 Several hormones are known to be able to regulate muscular protein degradation by acting on proteolytic enzymes. 104 This is in particular the case for cathepsin L 105 and the calpain/calpastatin system. 106, 107 Modifications of contractile properties and metabolic characteristics which could potentially influence flesh quality have been described in some species. 108 Cellular mechanisms of seasonal adaptations in metabolism are complex and include differential genetic expression, temperature effect on protein synthesis and degradation, as well as modification in the microenvironment of key metabolic enzymes. The synthesis of isozymes specific to low temperatures has also been reported in polyploid species. 109 Haard 68 also showed that a proteinase from burbot Lota lota exhibits different catalytic features in winter and summer.
Thus, proteins and enzymes, variable within species as well as between species, 68 vary as well with season in muscle and may reflect the variation of the rate of the muscle tenderization. 4 
Contribution of Proteases to Postmortem Autolytic Changes
Until now an understanding of the complex mechanisms responsible for postmortem fish muscle changes has not reached general agreement. In mammals, with most studies being done on cattle, it is clear that most or even all of the meat tenderness is associated with calpain activity. 21 For fish, of the different intracellular proteolytic systems identified so far, two major pathways were generally distinguished for muscle proteins degradation during postmortem storage: the cathepsins and the calpains. They probably act in a complementary way and in synergy at different levels of myofibrillar protein degradation process. The identification of the exact role of each protease requires the demonstration that the enzyme is active in the postmortem muscle environment (inhibitor activity, enzymesubstrate co-location, activation process) and the identification of their muscular substrates.
Purified proteasome from lobster 75 and rabbit 110 hydrolyses myofibrillar proteins in vitro but it requires activation by heat or addition of SDS. Thus, its role in postmortem degradation could be of less importance but it also needs to be further characterized.
A rapid decrease in pH after death could indicate that lysosomal acidic proteinases may be active if they are liberated from lysosomes to reach the substrate. Cathepsins D and L are believed to play a major role in the autolytic degradation due to their wide pH range of activity while other cathepsins are active at pH values too low to be of physiological significance. The high cathepsin content in spawning fish 102 and rapid degradation of postmortem muscle indicates a possible role also existing in normal fish. Also supporting the role for cathepsin is the degradation of connective tissue proteins within days in fish 54, 111 ; connective tissue proteins are not susceptible to most proteases but are cathepsin substrates.
The second protease system which can degrade connective tissue is the metalloproteases. These proteases are constitutively inactive in mammals and require signal transduction pathway activation. There is a report of their activity in rockfish 92 but no studies of their role in texture.
Intracellular postmortem calcium increases to about 300 µM and favors a key role of calpains in fillet texture. In vivo calpain can be active at physiologic calcium concentrations as low as 0.3 µM as evidenced by autolysis and substrate degradation in platelets. 112 But, in vitro they require free calcium levels one hundred times higher than usual physiological calcium concentration 113 -a paradox never explained. 90 Shimada et al. 114 showed that the ultimate sarcoplasmic calcium ion concentration in postmortem muscle of chicken increased to about 200 µM which is about 2000 times higher than in resting muscle. This would be sufficient to activate the calpain system. Membrane phospholipids, protein activators, and phosphorylation have also been proposed to allow in vivo activation of calpains at calcium levels lower than those required in vitro. 85, 115, 116 Moreover, temporary and localized increases in calcium concentration could also allow substrate hydrolysis at these localized sites especially at the plasma membrane or sarcoplasmic reticulum. 117 Other cations such as Sr 2+ and Ba 2+ are also able to activate calpains in vitro. 5, 86 The rise in free calcium in postmortem muscle has been hypothesized to have a role in tenderization through non-enzymatic processes. 118 This controversial theory suggests a direct effect of calcium per se on several muscle components, such as Z-disk weakening, rigor actomyosin complex weakening, titin splitting, nebulin filaments fragmentation and intermediate filaments of desmin breakdown. 119, 120 From their results, Shimada et al. 114 concluded that calcium was involved in Z-disks weakening through direct binding with phospholipids. Takahashi et al. 121 also concluded from their studies that there is an effect of calcium alone on Z-disk weakening. But they could not completely exclude the possibility of some limited proteolysis by an "unknown" protease. Later, Geesink et al. 122 contradicted this theory and proposed alternative explanations on the observed rise in sarcoplasmic calcium and its correlation with the Myofibrillar Fragmentation Index and shear force: (i) the rise in free calcium is the result and not the cause of degradations occurring in the muscle, (ii) free calcium activates the calpain system and subsequently affects its degradative efficiency on myofibrillar structure. This evidence together with the known roles of calpain, 21, 78 the inhibition of calpain and tenderness, 123 and animal models such as the callipyge sheep, 124 all indicate that the major protease of tenderness in mammals is calpain.
A number of in vitro studies have clearly demonstrated the susceptibility of numerous myofibrillar proteins to proteolysis by calpains and lysosomal proteinases. 125−129 In sea bass muscle, calpain was able to release α-actinin and tropomyosin from myofibrils in vitro. Both calpains and cathepsins degrade myosin heavy chain, α-actinin, and desmin while actin and tropomyosin appear to be sensitive to cathepsins B, D, L. Troponin T was degraded by cathepsins B and L with a concomitant appearance of a 30 kDa band. 130 Minor changes of some other myofibrillar or cytosolic proteins were also observed (creatine kinase and other non identified proteins). Discrepancies exist between observed changes in proteins in refrigerated sea bass muscle and in vitro degradation resulting from calpain or cathepsins action (Figure 2 ). This is in particular the case for myosin, troponin T, and desmin which are not broken down during storage but are sensitive to calpain or cathepsins.
In addition to their key role in postmortem myofibrillar protein changes, calpains have also been involved in a fish muscle postmortem degeneration called burnt tuna. 131 Some protease inhibitors have been injected in fish muscle to clarify the role of these enzymes in postmortem tenderization. Kubota et al. 132 showed that EDTA, a bivalent metal ionic chelator, and 1,10 phenanthroline, a specific inhibitor of metalloprotease, suppress tenderization of flounder muscle. Since E64, a cysteine proteinase inhibitor, showed no effect on tenderization (shear force measured), calpains are not involved in the breakdown of extracellular matrix proteins which is suspected to be responsible for the postmortem tenderization of fish muscle during chilled storage. The authors concluded that matrix metalloproteases degrade extracellular matrix components in fish muscle and consequently trigger postmortem tenderization of Japanese flounder. They also proposed that some serine proteinases are responsible for tenderization. An aspartic protease could also be active in their experiments and consequently could be responsible for tenderization.
Changes in collagen have been attributed to collagenases; they have also been related to the process responsible for gaping phenomenon in which the muscle fibers are gradually disconnected from the myocommata during chilled storage due to collagen fibers breakdown. 41, 133 Kubota et al. 134 have pointed out the role of matrix metalloproteinases (MMP-9 in this case) in the disintegration of the intramuscular connective tissue that induces the postmortem tenderization of fish muscle. Lødemel and Olsen 135 have observed both quantitative and qualitative differences in collagenolytic activities in the muscle of different fish species. MMP-like and serine proteinases exist in the muscle of both Atlantic cod and wolffish, while only the former can be detected in the Atlantic salmon. In the same way, Sentandreu et al. 136 in a review on the role of muscle endopeptidases in meat tenderness discussed the role of MMPs in degradation of the different types of collagen together with the cytoskeletal proteins connecting the sarcolemma to the extracellular matrix. Definitive studies which correlate substrate degradation to texture measures have yet to be done. Postmortem events, factors and mechanisms suggested as responsible for flesh degradation and loss of quality during chilled storage of sea bass. Enzymatic factors were suggested in our previous works. 6, 47, 130, 137 None of these systems alone can explain all the changes observed postmortem. Synergy between proteases 137 and other environment factors exists. During rigor mortis, since osmotic pressure is modified, ionic strength increases and may become high enough to weaken the myofibrillar structure, making it more susceptible to proteolysis. 11 Oxidative processes which induce free radicals and nitric oxide formation may make protein components of muscle more susceptible to proteases and weaken the overall myofibrillar structure. Therefore, a synergistic action between free radical species and proteases, or between osmotic pressure and protease have been proposed.
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POSTMORTEM STORAGE AND QUALITY OF FISH FLESH
Methods to Evaluate Fish Quality
Flesh quality is usually defined in terms of appearance, taste, smell, firmness, juiciness, freshness, and process characteristics.
It may also involve safety aspects. Therefore, flesh quality is a complex set of characters involving intrinsic factors such as texture, chemical composition, color, fat content and is heavily influenced by extrinsic factors such as feeding regime, diet composition, and pre-or post-slaughter handling procedures.
Fish flesh quality, closely linked to the notion of freshness, can be evaluated by four different methods: 16,138−140 (i) Sensorial analysis relying on flavour, odour, texture and appearance criteria: 141 The European Community provides a multilingual guide using three freshness categories (E, A, or B) for a common understanding and interpretation of the descriptions for sensory assessment of fish spoilage including the general appearance of eyes, the texture and physical properties of skin and membranes, gills, gut cavity, and the discriminating gill odors that underpin freshness grades (www.fao.org/wairdocs/tan/x5995e/x5995e00.htm); (ii) Chemical methods including K factor, 142,143−144 biogenic amines, 145 lipid hydrolysis and oxidation, 146 (iii) Microbial parameters: when the fish dies, the bacteria from skin, gills, and intestines may proliferate freely; microbiological data include total counts, 147 bacteria numbers estimated by microscopy, and specific metabolic evaluation (TMA), identification of pathogenic bacteria by immunology or molecular biology 148 ; (iv) Physical methods. 149 Use of the Kramer tool with measures perpendicular to muscle fiber orientation can give repeatable mechanical measures. 19 None of these methods is fully satisfactory since they are too subjective, difficult to implement in the industry, or not universal enough.
These methods have been used to assess quality changes in sea bass ungutted whole bodies stored in melting ice up to 22 days. 150 Sensorial analysis of skin, outer slime, eyes, gills, odors, using the EC freshness scale gave grade E for up to 3 days, grade A for a further 6 days, and grade B for five days more; after that, it was graded as unfit. This indicated the gradual loss of quality. Microbiological analyses (total viable counts, counts of sulphide-producing bacteria) revealed bacterial amounts lower than spoilage levels. Volatile compounds such as TMA increased very slowly during iced storage. Total volatile bases (TVB) including ammonia, trimethylamine, dimethylamine, and other volatile amines were significantly increased only after the fish was in an incipient stage of spoilage. pH did not change significantly during the first half of the storage (6.34-6.41) and increased slightly after day 12 to 6.69 on day 22. This increase was associated with the state of rapid spoilage of the fish. In whole iced sea bass lipid auto-oxydation appears to be a minor spoilage process. K-value and derived k 1 -value have been shown to provide a good indication of loss of freshness in ice stored fish occurring after 4 days in ice.
Protein Indicators of Fish Quality
Ideally, a new indicator must be able to integrate the effects of time and temperature at the same levels as the changes that occur in the fish. It should derive from a good correlation between its evolution and freshness decline or time of storage, should be non-subjective and independent of slaughter conditions, and of physiological status of the fish. A universal method should be applicable to all species and easily implemented in industry: evidence of a protein on immunological strips for example.
A rapid method of determining changes in muscle proteins during postmortem storage can be foreseen since some of these proteins have a fast degradation which can indicate early muscle degradation. A correlation between release kinetics of myofibrillar proteins, proteolytic induction, postmortem degradation rate and extent should allow the identification of qualitative markers of fish flesh.
The aim of all of our studies on postmortem sea bass changes was to investigate indicators from myofibrillar autolysis mechanism. Proteolysis is a key parameter to investigate the relationship between structure and food characteristics (texture, organoleptic quality). Myofibrillar and connective tissue proteins are the major components contributing to textural features. However, it is generally recognized that myofibrillar components contribution to firmness is more important than connective tissue components even if they are not easily differentiated. Thus, although connective tissue is structurally and biochemically modified, meat firmness is not modified. 12 However, some authors have also shown the contribution in fish muscle of connective tissue to the flesh texture. Taylor et al. have shown that initial texture changes occurring within 24 h of salmon storage are associated with loss of myofiber-to-myofiber attachments, whereas long term texture changes and gaping are associated with myofiber to myoseptum attachments. 22 Touhata et al. 151 hypothesized that the seasonal change in muscle collagen content could possibly contribute to muscle firmness in red sea bream. Thakur et al. 152 demonstrated that the muscle biochemical composition and raw meat texture of cultured yellowtail vary with the anatomical location in the fillet and the season, the breaking strength is then correlated positively with muscle collagen content. In the same way, Bugeon et al. 153 showed that differences in brown trout texture seemed to be dependent on the connective tissue characteristics induced by exercise during rearing.
In beef, different proteins have been identified as potential markers even if validation has not been achieved at an industrial level. 154 Some of these markers are inappropriate to fish such as desmin 2 but some others may be interesting such as α-actinin because of its structural function or appearance as a 30 kDa proteic fragment.
Geesink et al. 63 identified a 31 kDa degradation product in the washed pellet of myofibrils during refrigerated storage of salmon muscle, as well as during the in vitro digestion of myofibrils by calpain. It could be related to the 30 kDa degradation fragment from troponin T found in tenderized mammalian muscles. 61 In our studies, sea bass troponin T was degraded by the cathepsins B and L with a concomitant appearance of a 30 kDa band. 130 Whether it is related to troponin T breakdown should, however, be assessed with immunological tools. This appearing fragment could be used as an indicator of the extent of proteolysis. An early study reported a 38 kDa degradation product as a trout texture marker. 155 Dystrophin has also been proposed as a marker of postmortem changes in sea bass upon refrigerated storage or to detect the freezing-thawing process. 47, 156 In salmon muscle, dystrophin is 100% degraded within 2 days, at a time that most of the texture changes have occurred, as well as structural changes related to texture. 22 Thus, dystrophin is a possible early freshness marker. α-actinin release from myofibrils may also serve as a marker of disorganization in postmortem fish muscle since its release and proteolysis are time-and temperature-dependent, but the rate of release is species dependent. 48 Moreover, protease inhibitors and their target enzymes have been proposed as markers of texture-associated proteolysis of flesh quality. There is extensive and exhaustive evidence that the initial postmortem calpain activity and the amount of its specific inhibitor, calpastatin, correlate with the extent of tenderization in mammalian muscles. 21 Koohmaraie showed that postmortem tenderization was due to disappearance of the calpain inhibitor rather than to an increase in protease activities. However, the rate of meat tenderization is related to the enzyme/inhibitor ratio more than to the calpain content. 21 In particular, the rapid decline in µ-calpain activity, relative to the calpastatin activity, is likely to reduce the degree of tenderization and ultimate tenderness of beef. In sea bass and salmon muscle stored refrigerated, calpain activity decreases with time but calpastatin remains rather constant. 63, 157 In conclusion, postmortem processes, degraded proteins, and accumulating metabolites are so many that no single indicator is sufficient to evaluate sea food quality. Combining indicators and differentiating those that determine loss of freshness from those that detect bacterial spoilage is necessary. The development of reliable methods to assess the freshness of fish as well as the evaluation of quality criteria has been the goal of fish research for many years. Although significant progress has been made to develop rapid and objective methods, more research is needed to verify these methods. Soluble α-actinin, 38 kDa or 30 kDa degradation product assays, for example, may be implemented for measuring the freshness of all types of fish and fishery products. Postmortem aging is a very complex process dependent on many ante mortem and postmortem factors which can explain the difficulty to understand causes and mechanisms and subsequently to identify quality markers. However, it remains necessary to establish useable criteria for fish freshness and spoilage that are practical for the fish industry and reflect the consumer demand for fish freshness. Equally important is for the industry to show an interest in the use of such markers, and to develop quality labels for superior products.
